Capture the human inner-ear malformation types in 3D by segmenting the inner-ear structures from clinical CT (computed tomography) and MR (magnetic resonance) image datasets. Volumetric analysis was done to find the variations in the volume of cochlear part alone from complete inner-ear followed by 3D printing from the 3D segmented models.
INTRODUCTION
Cochlear implantation (CI) is a widely accepted and the only solution to date for treatment of severe to profound sensorineural hearing loss [1] . Variation in cochlear morphology is not just in size, shape, and the coiling geometry but also in the internal anatomy of cochlea [2] . As per literature, approximately 20% of cochlear implant population has some degree of malformation in cochlear anatomy [3, 4] . A new classification of inner-ear malformations, proposed by Sennaroglu et al. [5] , has been widely accepted. Accurate identification of the type of malformation is necessary for adequate surgical planning. It is obtained by careful analysis of the pre-operative imaging. The CI surgery in cases of inner-ear malformation is challenging because the grossly altered anatomy including clear surgical landmarks such as lateral semi-circular canal (SCC), facial nerve, and cochlear promontory are often absent. Literature reporting on the placement of electrode in SCC and internal auditory canal (IAC) [6] that were identified with intra-operative radiographs and corrected in the same surgery conveys us the message that more pre-operative planning methods are necessary.
Depending on the types of malformation, hearing outcomes with CI in cases of inner-ear malformation vary [7] [8] [9] [10] [11] [12] ; higher the degree of malformation, poorer the expected hearing performance with the CI. Three-dimensional (3D) models of the malformed anatomical structures can help in several aspects including from an educational perspective, surgical planning, from research perspective [13] and to have a better clinician-patient communication especially to understand the pathology and procedure [14] . Considering the high cost of CI that is covered either privately by the patient or by the health insurance companies and the physical pain from the surgery tolerated by the patient, it makes absolute sense to have additional effort in pre-operative planning.
This article captures human inner-ear malformation types in 3D by segmenting the inner-ear from the clinical high-resolution computed tomography (HRCT) and/or magnetic resonance imaging (MRI) data sets. The secondary aim is to have a better understanding and visualization of size, shape, and the availability of cochlea, vestibule, vestibular aqueduct (VA), SCCs, and IAC by 3D printing it from 3D segmented models.
MATERIALS AND METHODS
Anonymized pre-operative HRCT and MR image data sets of human temporal bones with a variety of inner-ear malformations were provided for educational purposes by several clinics across the world from the year 2011 to 2018. An MRI data set was used only for third sample under cochlear hypoplasia given in Table 2 , for which CT data set was not available. The image data sets were loaded into 3D slicer freeware (3D Slicer, https://www.slicer.org/; version 4.8.0, Massachusetts, USA) followed by segmentation of cochlea along with IAC, vestibular organ, and VA. Segmentation of these structures was performed as precisely as possible in axial plane in every slice the inner-ear structures were seen by setting tight thresholds of the grayscale to avoid capturing undesired structures (refer Figure 1) . Grayscale thresholding to capture the desired structures was done individually for every individual image data set by the first author and was verified by both the second and fourth authors, both otolaryngologists by profession. Figure 1 shows an example of grayscale thresholding; the grayscale of the otic capsule is 1694 (bright=bone) and the grayscale of membranous labyrinth (dark=labyrinth) is -114, thus setting the thresholding -114 and 1694 for this particular temporal bone.
The cochlear portion alone was as well segmented from all data set in the interest of measuring its volume using the command "Segment statistics" from 3D slicer. A 3D model, which could be freely moved on the screen and viewed from all perspectives, was created. The VA could not be segmented from all temporal bones due to limited image resolution. Table 1 lists malformation types along with the number of cases identified under each malformation type and the volume of segmented cochlear portion alone. N/A corresponds to non-availability of more cases under that particular type.
3D printing of all inner-ear malformation types was made with a magnification factor of 2.8 using a Form-Labs (form 2) desktop 3D printer (Berlin, Germany) with photopolymer resin (white color) for educational purposes. Due to space limitations, not all images, but the selected, of the 3D-printed models are shown in this article. 
RESULTS
From HRCT/MRI data, we were able to identify inner-ear malformation types including Enlarged Vestibular Aqueduct Syndrome (EVAS), incomplete partition (IP) type-I, II (Mondini's deformity) and III (x-linked), common cavity (CC), and cochlear hypoplasia (CH). Segmentation of the complete inner-ear structures from the clinical image data sets took around 10 minutes as most of the data set had around 50 image slices covering the entire portion of inner-ear structures. Figure 1 shows the segmentation process followed by 3D printing.
A complete picture of all inner-ear malformation types both in two-dimensional (2D) CT images and 3D is given in Figure 2 . Individual variation in size, shape, anatomy, and number of SCCs availability from each malformation type is given in Table 2 .
3D Visualization and Analysis EVAS:
The EVAS that had near-normal cochlear anatomy (refer Table  2 ) had the width of VA around 2.76 mm. Volume of normal anatomy cochlea and the cochlea from EVAS was measured to be 87.55 mm 3 and 103.73 mm 3 respectively. As shown in Figure 3 , the IAC of normal anatomy cochlea appears to be wider than IAC from EVAS at least from the data set available in this study.
IP type I:
From the three data sets available under IP type I malformation, the volume of segmented cochlea appears to be very much comparable to normal anatomy cochlea. VA from sample 1 looks more like cylindrical; whereas with sample 3, it appears to be more triangular in shape. With sample 2, IAC appears much wider than other two samples.
IP type II:
From the four data sets available under this type, the volume of segmented cochlea is relatively lower than normal anatomy cochlear volume. Sample 2 had an enlarged VA. Samples 3 and 4 had a much wider IAC and slimmer cochlea, which is obvious from the lower volume of segmented cochlea. Sample 1 had only one SCC whereas all the other samples had three SCCs.
IP type III:
From the three data sets available under this type, the volume of segmented cochlea measured to be more or less similar. The width of IAC from all three samples was much broader than the normal anatomy cochlea.
Common Cavity: From the five data sets available under this malformation type, the volume of common cavity (cochlea and vestibular organ collectively) varies significantly, with the lowest volume of 52.48 mm 3 for the smallest cavity (sample 5) to 233.40 mm 3 for the biggest cavity (sample 4). Sample 5 appeared to be the smallest with complete absence of all SCCs, whereas sample 3 had all three SCCs. Sample 1, 2, and 4 had one SCC. The connection between IAC and cavity is very thin as seen from sample 5, which could pose a serious question if this thin nerve is good enough to carry electrical signal if this cochlea gets a CI.
Cochlear Hypoplasia: Five data sets were available under this malformation type. None of the sample in this type looked similar. Samples 2 and 5 had the least volume of segmented cochlea as its size appeared very small in comparison to other samples. Samples 1 and 3 had pretty good sized cochlea. Interesting to note that sample 3 lacked all three SCCs, whereas sample 4 had one SCC and samples 1 and 2 had three SCCs. The size of IAC also varied a lot among the samples.
Dissimilar Malformations in Each Ear of Same Individuals
It was interesting to find dissimilar malformation types on each side from two cases. In case 1, it was IP type I on the right side and CC on the left side; and in case 2, it was cochlear hypoplasia on right side and IP type I on left side. Please refer Figure 4 .
3D-printed models:
For educational purposes, we did 3D printing of all malformation types with 2.8 times magnified from the segmented 3D model using a desktop 3D printer; and as shown in Figure 5 , it came out pretty good. It is interesting to note that the size and shape variation among different structures from malformation types was also seen from volumetric analysis given in Table 2 .
DISCUSSION
We captured all the inner-ear malformation types so far reported in 3D from clinical CT/MR images of patient cases that were shared for educational purposes by various clinics across the world. Sennaroglu et al [3] did capture all the inner-ear malformation types in 2D from clinical images, but they mentioned nothing about 3D visualization. Liu et al [15] showed 3D model of CC, IP-I, IP-II, and CH, but malformation types including EVAS, CC, and IP type III were not mentioned. Yinn et al [16] covered nicely all the cochlear-vestibular malformation 80 J Int Adv Otol 2019; 15(1): 77-82 Table 2 . 3D model of all inner-ear malformation types (refer to Table 1 ) given in both axial and coronal view. Volume of segmented cochlea was measured from the 3D slicer software using respective command [15] IP Type I, II, CC, and CH 2 Booth TN et al [18] IP type II 3 Hara et al [19] CH 4 Klingebiel R et al [20] CH 5 Isono et al [21] CH 6 Ma H et al [22] CC, IP I, and II 7 Song JW et al [23] IP, hypoplasia IP: Incomplete Partition; CC: Common Cavity; CH: Cochlear Hypoplasia.
types from pre-operative 2D radiographic images but again not in 3D as given in this study. Table 3 summarizes the list of previous studies that reported on 3D visualization in cochlear malformation. It is clear from this table that none of the previous studies ever covered all the malformation types in 3D as we did in this study.
As reported in literature with normal anatomy cochlea/patent cochlea [2] , the variations in size and shape of inner-ear structures of all malformation types were significant depending on type and degree of malformation. This was well captured with the help of 3D segmentation. The VA was clearly visualized in five cases, and its width as given in axial plane and shape showed a great variation in comparison to the width of VA of normal anatomy cochlea [17] . The CH and CC types showed significant variations in the overall size and shape of all the structures in comparison to all other malformation types. This was nicely supported by the volumetric analysis of cochlear part alone that showed significant variation. The volume of CH varied too much in comparison to normal anatomy cochlea with the smallest and the biggest volumes being measured 19.72 mm 3 and 151.94 mm 3 . Depending on the malformation types, the SCCs varied widely in its presence, size, and number. The thickness and the shape of IAC were varying too much, which can be visualized from the images with same scale in Table 2 . Case 5 under common cavity malformation type given in Table 2 had thin connection between the cavity and IAC that would need more assessment to find if the thin nerve is potent enough to carry electrical stimulation to the brain.
Anything that could help an average experienced surgeon in better understanding patient's cochlear anatomy should be welcomed; and in that context, the 3D visualization of inner-ear malformation types could be beneficial to surgeons who are quite new to CI field especially in knowing overall size, shape, and the availability of inner-ear structures. Spending additional 10 min in segmenting the inner-ear structures as a part of pre-operative planning is worth the effort especially when treating pediatric cases with malformation. Considering numerous young/new CI surgeons coming into CI field, 3D segmentation of the labyrinth and IAC prior to surgery can improve accurate identification of malformation types and provide operating surgeon with better 3D understanding of the deformity. The 3D printing of anatomical structures have already shown to be beneficial in several medical applications [14] ; and in that aspect, 3D-printed models of inner-ear malformation types will prove to be beneficial in the CI application especially while communicating with patients.
CONCLUSION
A good 3D understanding on the structures of inner-ear could be helpful especially for young CI surgeons who are new to the CI field. As demonstrated in this study, 3D visualization improves the clinicians' ability to visualize cochlear anatomy and the nearby structures compared to 2D images. Volumetric analysis showing a huge variation in the size of cochlear part from the complete inner-ear structures is yet another proof that no cochlea is similar in its size, shape, and the anatomy.
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